An extracellular aspartic proteinase (Rmap) from Rhizopus microsporus var. rhizopodiformis was detected in the culture supernatant of a fungal isolate from a case of rhinocerebral mucormycosis (case HA). The proteinase was puri ed to near homogeneity by ion exchange and af nity chromatography on pepstatin agarose. Based on its N-terminus the RMAP gene was cloned and found to code for 388 amino acids. The preproenzyme has an aminoterminal leader sequence of 65 amino acids, whereas the mature enzyme consists of 323 amino acids. The deduced amino-acid sequence of the preproenzyme was 82% homologous to an extracellular aspartic proteinase of Rhizopus niveus. Low stringency Southern blot analysis of R. microsporus DNA suggested the presence of other homologous genes. Expression of Rmap in Pichia pastoris was achieved, and the recombinant enzyme was active in the yeast culture supernatant. Both enzyme preparations exhibited a similar optimum of activity in the pH 2¢5 region. Furthermore, Rmap was shown to activate bovine blood coagulation factor X at slightly acidic pH in vitro. Expression of the proteinase during mycosis was proven by a speci c immune response of patient HA.
Introduction
Mucormycosis (zygomycosis) in humans is a particularly destructive infectious disease mostly caused by Rhizopus oryzae and R. microsporus var. rhizopodiformis [1] . Rhinocerebral mucormycosis in the paranasal sinuses tends to spread to the orbit, face or brain, and is mostly associated with a fatal outcome. Furthermore, pulmonary, gastrointestinal and disseminated clinical manifestations occur (for reviews see [2] [3] [4] [5] [6] ). Almost all patients affected have typical underlying conditions, such as poorly controlled diabetes mellitus, immunosuppression [7] [8] [9] or deferoxamine therapy for iron or aluminium overload [10, 11] . Spores of both incriminated species only account for a minor fraction of fungal propagules in the environment compared with other fungi such as aspergilli [12] . Pathogenically, the hallmark of mucormycosis is a vascular invasion by hyphae, leading to thrombosis and infarction of tissue. In addition, spread across tissue barriers is evident, such as penetration through mucosa into connective tissue and bones. Upon necropsy, in victims of mucormycosis, intravascular fungal growth and concomitant obliterating blood coagulation, which causes necrosis, can typically be demonstrated [1] [2] [3] [4] [5] [6] . Therefore, action of extracellular lytic and possibly procoagulatory enzymes is suggested to have a role in this process [13] . Strong extracellular proteolytic activity of R. oryzae has been demonstrated recently [14] .
Here we present the puri cation, cloning and in vivo expression of the corresponding gene and cDNA of an extracellular aspartic proteinase from a clinical isolate of R. microsporus var. rhizopodiformis. The isolate was recovered from a biopsy of a patient who experienced rhinocerebral mucormycosis during deferoxamine therapy [15] . The exceptional outcome with survival of the patient allowed the monitoring of a speci c immune response to the secreted fungal proteinase. Furthermore, antibodies raised against the proteinase reacted with zygomycotic elements in heterologous human tissue, suggesting that such enzymes are indeed produced by opportunistic zygomycetes in the course of invasive infection.
Materials and methods

Strains and cloning vectors
R. microsporus var. rhizopodiformis isolate 'HA' was used throughout the study. The fungus was derived from a young female (HA) who experienced rhinocerebral mucormycosis during deferoxamine therapy for iron overload [15] .
For differential demonstration of extracellular proteolytic activity on agar plates containing bovine serum albumin as substrate, clinical isolates of Mucor sp., Aspergillus fumigatus, and Candida albicans CBS 2730 (Centraalbureau voor Schimmelcultures, Utrecht, Netherlands) were used.
For cloning of PCR-products, Escherichia coli DH5a and plasmid pCR TM II (Invitrogen, San Diego, CA, USA) were employed using the protocols of the supplier. For cloning of genomic DNA, plasmid pBluescript 1 II SK( ‡) (Stratagene, Heidelberg, Germany) was used.
Pichia pastoris GS115 (Invitrogen) and the expression vector pKJ113 [16] were used to express secreted recombinant proteinase from R. microsporus.
Proteolytic activity and inhibition experiments
In order to measure proteinase production R. microsporus was grown in agitated, aerated 1-l asks containing 250 ml of yeast carbon base (YCB; Difco, Detroit, MI, USA)-casein medium (37 o C; 220 rpm). The medium was made up of casein (Merck, Darmstadt, Germany) 10 g l
¡1
, glucose 10 g l ¡1 and 11¢7 g l ¡1 YCB; it was adjusted to pH 7¢6 and sterilized by ltration. General proteolytic activity was determined using haemoglobin at pH 1¢5-5¢5 or casein at 5¢5-12¢0 as substrates [17] . Substrate solutions at 0¢5% were always freshly made up using 0¢2 M buffers of glycine, citrate, [N-morpholino]ethanesulphonic acid (MES) or Tris according to their range of buffering capacity. Usually, acid proteolytic activity was monitored at pH 3¢0. Culture supernatant of R. microsporus was harvested from asks after 3 days of incubation at 37 o C. Extracellular proteolytic activity was determined with and without pre-incubation with pepstatin as an inhibitor using haemoglobin and casein as substrates at different pH ranges (see below).
For comparison of proteolytic activity among different species, bovine serum albumin (BSA)-containing agar plates were inoculated with 10 m l droplets of a suspension of conidia in saline (McFarland 1) and incubated for 48 h at 37 o C. Pepstatin (Peptide Institute, Osaka, Japan) was made up in methanol at a concentration of 10 ¡3 M. This stock solution was used at a 100-fold dilution in the proteinase assays. Phenylmethylsulphonyl uoride (PMSF; Serva, Heidelberg, Germany) was used from a stock solution of 0¢1 M in ethanol. Proteinase solutions were preincubated with 10 ¡3 M PMSF at pH 6¢5 for 1 h at room temperature.
Puri®cation of Rmap
For isolation of the extracellular aspartic proteinase from R. microsporus HA (Rmap) the fungus was grown in YCB (Difco)-casein medium in a fermentor at 32 o C for 3 days as described elsewhere [17] . The culture was harvested after 72 h when the pH had dropped to a value of 4¢0. In order to denature interfering neutral and alkaline proteinase activity, the supernatant was titrated to pH 2¢5 with 10 N hydrochloric acid and left for 2 h at room temperature. After back titration to pH 4¢0, proteins were precipitated with ammonium sulphate at 80% saturation, centrifuged and the pellet was resolved in distilled water at 10% of the original volume. Subsequently, the solution was dialysed against distilled water. Prior to chromatography the pH of the sample was adjusted to 6¢5 and the conductivity to 600 m S cm ¡1 , if necessary by the addition of water.
Cation exchange chromatography was performed using Servacel CM 32-Cellulose (Serva) at pH 6¢5 in 10 mM MES-buffer in a batch procedure according to standard protocols [18] . Elution of proteins from the column was achieved by adding 0¢5 M NaCl to the buffer. Enzymatically active fractions of the eluate were pooled and then subjected to nitrogen pressure dialysis (Amicon membrane PM-10; Amicon, Lexington, Kentucky, USA) to reduce the volume. For af nity chromatography on pepstatin agarose (Sigma, Mü nchen, Germany) the pH of the sample was adjusted to 4¢0 by adding 1 vol of 0¢2 M sodium citrate buffer of the same pH value. The column (10£1 cm) was adjusted with 0¢1 M sodium citrate buffer pH 4¢0 and acid proteinase was adsorbed to the gel by circulating the sample twice through the column at room temperature. Subsequently, the column was rinsed 10 times with the starting buffer and the acid proteinase Rmap was eluted with 0¢2 M Tris-HCl buffer pH 8¢5 ‡1 M NaCl at 8 o C. Fractions were immediately titrated back below pH 6¢0 using 1 M sodium citrate buffer pH 3¢0. Finally, aspartic proteinase activity of pooled fractions was concentrated and dialysed against 0¢2 M sodium citrate buffer pH 6¢0 by nitrogen pressure (Amicon membrane PM-10).
The concentration of proteins was determined measuring the absorbance of the sample at 260 and 280 nm.
Preparation of hyperimmune sera and immuno¯uorescence
Hyperimmune sera from guinea pigs were obtained by subcutaneous injection of af nity puri ed Rmap according to a scheme described previously [17] . Using these sera, Rmap antigen was demonstrated in deparaf nized mycotic human tissue sections. For this purpose, gglobulins from the anti-Rmap sera were prepared by ammonium sulphate (50% w/v) precipitation and protein-A af nity chromatography. They were used at 10 m g ml 1 nal concentration in phosphate-buffered saline (PBS) containing 10 g l ¡1 BSA. Anti-guinea-pig immunoglobulin-uorescein conjugate from rabbit (Dako, Copenhagen, Denmark) was used at a 50-fold dilution in the same medium, after saturating nonspeci c binding sites of the tissue by pre-incubation with normal rabbit serum at the same dilution. Prior to uorescence microscopy, the mount was embedded in PBS-glycerol containing Citi uor mountant (Amersham, Braunschweig, Germany) to reduce uorescence fading.
Protein electrophoresis and Western blots
Protein extracts were analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) with 12¢5% polyacrylamide gels [19] . For Western blots, the proteins were transferred onto a nitrocellulose membrane (Schleicher & Schü ll, Dassel, Germany) and polyclonal antibodies raised against Rmap from guinea pigs were used to detect the proteinase antigen. For amino acid sequencing, the proteinase was transferred onto a polyvinylidene diuoride (PVDF) membrane (Millipore, Bedford, Bedfordshire, UK). Partial amino acid sequencing was accomplished by Edman degradation as described elsewhere [20] . Preparative isoelectric focusing (IEF) of proteinase activity was performed using granulated dextran gel (IEF-Sephadex, Pharmacia, Freiburg, Germany) and carrier ampholytes (pH 2-11, 2% v/v) from Serva. Denaturing agents such as urea were not included in the procedure.
Coagulation assay
Factor X converting activity of Rmap was tested as described previously [21] , employing bovine factor X (Sigma), followed by incubation of the reaction product with a uorogenic peptide analogue of prothrombin (Boc-Ile-Glu-Gly-Arg-MCA, Peptide Institute, Osaka, Japan) and measuring the uorescence of liberated 7-amino-4-methylcoumarin (AMC), using a spectrophotometer (Perkin-Elmer, Norwalk, CT, USA) at an excitation wavelength of 380 nm and emission at 460 nm. The rst incubation was performed at various pH between 4¢0 and 7¢0 in 0¢2 M NaK-phosphate buffers, the second was at pH 8¢0 (50 mM Tris-chloride buffer ‡0¢1 M NaCl ‡10 mM CaCl 2 ). For comparison with Rmap, puri ed extracellular acid proteinases from A. fumigatus D141 [17] and C. albicans CBS 2730 [21] were adjusted by haemoglobin assay at pH 3 and were likewise tested for factor X converting activity as above.
Isolation of genomic DNA
Genomic DNA was isolated from R. microsporus using a modi cation of the method by Tilburn et al. [22] . Mycelia from the fungus grown in glucose bouillon for 48 h at 37 o C were ltered and washed twice with 0¢1 M ethylenediamine tetraacetic acid (EDTA) pH 7¢4. A sample of 400 mg mycelium frozen in liquid nitrogen was lyophilized overnight and then ground in a mortar under liquid nitrogen. Ground cells were resuspended (0¢4 g ml
¡1
) in 50 mM Tris-HCl, pH 8¢0, 25 mM EDTA, 25 mM NaCl, 1¢5% SDS. After addition of Proteinase K (Merck, Darmstadt, Germany) to a nal concentration of 1 mg ml ¡1 the mixture was incubated for 2 h at 60 o C. Subsequently 1/10 vol of 5 M NaCl was added and the mixture was extracted twice with an equal volume of phenol/chloroform/isoamylalcohol (25/24/1 (v/v)). Ethanol precipitated nucleic acids were redissolved in 1 ml TE (10 mM Tris-HCl, pH 8¢0, 1 mM EDTA) and further puri ed by equilibrium centrifugation with CsCl/ethidium bromide (EtBr; n Dˆ1 ¢389, TE buffer, pH 8¢0, 100 m g ml ¡1 EtBr) for 40 h at 150 000g, 20 o C in a xedangle Ti70¢1 rotor (Beckman Instruments Germany, Mü nchen, Germany). Finally, the high molecular weight DNA was extracted and puri ed from the solution according to standard procedures [23] .
Generation of a probe and Southern blots
Puri ed genomic DNA served as a template to PCRamplify a DNA fragment of the RMAP-gene of about Using digoxigenin-11-dUTP (Roche Molecular Biochemicals, Mannheim, Germany) and a second pair of primers designed on the sequenced 970-bp PCR-amplicon, primer 3 (positions 515-535) and primer 4 (positions 1267-1285), a digoxigenin-labelled 770-bp product was ampli ed by a second PCR on genomic DNA and then used as a RMAP-speci c probe in hybridization experiments.
Southern blots under high and low stringency conditions were performed according to standard procedures [23] . Digoxigenin-labelled DNA hybrids immobilized on nitrocellulose membranes were detected with peroxidase-conjugated anti-digoxigenin Fab fragments (Roche Molecular Biochemicals) and chemiluminescent detection reagents (ECL detection reagents; Amersham International, Buckinghamshire, UK).
Cloning and sequencing of the RMAP gene and cDNA
A ClaI-digest of genomic DNA of R. microsporus was subjected to preparative agarose gel electrophoresis in a 0¢7% horizontal slab gel. Fragments 6300-7200 bp in length were extracted from the gel using 'QIAEX 1 II Gel Extraction Kit' (Qiagen, Hilden, Germany). The presence of an RMAP gene-containing fragment in the sample was con rmed by Southern blot analysis. The puri ed fragments were then shotgun cloned into ClaI digested and 5 0 dephosphorylated plasmid pBluescript 1 II SK( ‡). E. coli DH5a cells were transformed with the recombinant plasmids and screened for the presence of the RMAP gene by colony hybridization on nitrocellulose membranes [23] .
To obtain cDNA clones, total RNA was isolated from a 12¢5-h culture of R. microsporus grown in Hb medium (10 g l ¡1 glucose, 10 g l ¡1 YCB (Difco), 11¢7 g l ¡1 bovine haemoglobin (Sigma)) according to a modi ed guanidinium thiocyanate method [24] . The cDNA was then generated using RNAse H ¡ reverse transcriptase 
Northern blotting of total RNA
Total RNA was subjected to formaldehyde agarose gel electrophoresis, transferred from the gel to a nylon membrane (Pall Europe Ltd., Portsmouth, UK) and hybridized with the 770-bp digoxigenin-labelled PCR probe under high stringency conditions as described. Alkaline phosphatase-conjugated anti-digoxigenin Fab fragments (Roche Molecular Biochemicals) and the CDP-Star TM detection kit (Roche Molecular Biochemicals) were used for chemiluminescent detection of digoxigenin-labelled hybrids.
Expression and puri®cation of recombinant Rmap in P. pastoris
For heterologous expression of Rmap, the P. pastoris system was chosen, which allows the production of secreted eukaryotic proteins at high yield, as has been demonstrated for related proteinases from C. albicans [16] . PCR of RMAP-cDNA was performed using the two homologous primers 7 (GTT CTC GAG TCG AAG CTG CTC CTA ACG GCA AG, positions 262-291) and 8 (GTA GCG GCC GCT TTA CTG AGC AAT AGG AGC GAT, positions 1415-1435) encoding the Nterminal and the C-terminal sequence of the proprotein, respectively. The resulting PCR product was digested by XhoI and NotI and cloned into the expression vector pKJ113 digested by the same enzymes. P. pastoris spheroplasts were transformed with 10 mg of the recombinant plasmid linearized by SmaI. Transformants were selected on histidine-de cient medium and screened on minimal methanol plates for insertion of the construct in the P. pastoris GS115 genome as described previously [16] . Subsequently, selected transformants were grown near saturation at 30 o C in 10 ml of glycerol-based yeast media (BMGY; 0¢1 M potassium phosphate buffer pH 6¢0, containing 1% (w/v) yeast extract, 2% (w/v) peptone, 1¢34% (w/v) yeast nitrogen base (YNB) without amino acids, 1% (v/v) glycerol and 4£10 5 % (w/v) biotin). Cells were harvested and resuspended in 2 ml of the same medium with 0¢5% (v/v) methanol instead of glycerol (BMMY). After 2 days of incubation the supernatant was harvested and 10 m l were loaded on SDS-PAGE gels to identify clones producing Rmap.
Ten millilitres of centrifuged culture broth were ultra ltered to a nal volume of 2¢5 ml using a Centricon-10 device (Amicon). This aliquot was loaded onto a PD-10 column (Amersham) and eluted with 3¢5 ml of distilled water. The eluate was loaded onto a second column containing pepstatin agarose for af nity chromatography. The column was developed as described above.
Results
Extracellular proteolytic activity of R. microsporus var. rhizopodiformis
Strong proteolysis causing a wide clearing zone beyond the colony in the centre could be demonstrated for R. microsporus var. rhizopodiformis HA (Fig. 1) grown on BSA-containing agar plates as described above. In contrast, A. fumigatus showed a relatively small clearing zone around its colony, and the clearing zone of C. albicans was con ned to the colony rim. Mucor species did not show any detectable extracellular proteolytic activity.
Strong pepstatin-sensitive activity was observed in the culture supernatant of R. microsporus with a maximum between pH 2 and 5. Activity sensitive to PMSF was mainly found between pH 4¢5 and 7¢5. Some residual proteolytic activity over the neutral and acidic pH range remained in the supernatant after treatment with both inhibitors (data not shown).
Preparative IEF of the undenaturated culture supernatant revealed three peaks of pepstatin-sensitive activity located at pH 4¢4, 5¢8 and 7¢5, respectively, suggesting the presence of three different aspartic proteinases (data not shown). On this basis, cationexchange chromatography on CM-cellulose was chosen at this point of investigation to purify the major aspartic proteolytic activity focussing at pH 7¢5, referred to here as Rmap.
Puri®cation and characterization of Rmap
Pepstatin-sensitive activity from 3-day-old culture supernatant was almost completely precipitated by 80% ammonium sulphate saturation. Batching this activity to CM-cellulose at pH 6¢5 resulted in approximately 30% binding of total activity, most likely corresponding with the binding of Rmap only. After ion exchange and af nity chromatography on pepstatin agarose, eluted proteinase migrated with two single bands on SDS-PAGE with estimated molecular masses of 33¢8 and 34¢5 kDa (Fig. 2) . Puri ed Rmap degraded haemoglobin between pH 1¢0 and 8¢0 with an optimum at pH 3¢0.
The N-terminal amino-acid sequence of the upper protein band was determined to be E
I S P Q S T G S V P V V D; that of the lower band was S T G S V P V V D V G S D L E Y Y G.
On account of its homology, the lower band was considered to be a proteolytic fragment of the upper band. Under the assumption that the two amino-acid sequences were part of the N-terminus of Rmap the combination of the two sequences resulted in a single sequence of 23 amino acids. It showed identity in nine positions with a corresponding sequence of the aspartic proteinase Rnap II secreted by R. niveus.
Cloning and sequencing of the RMAP gene
As there are highly homologous regions in the aspartic proteinases Rnap [27] and Rnap II to V of R. niveus (Horiuchi et several degenerate and inosine containing oligonucleotide primers based on such homologous regions as well as on the determined N-terminal amino-acid sequence of Rmap. PCRs were performed with different primer combinations on R. microsporus genomic DNA. The combination of primer 1 (based on the N-terminus of Rmap) and primer 2 (based on the conserved C-terminus of Rnap II) resulted in a product of 970 bp, the sequence of which showed homology to the proteinase genes of R. niveus [27] and R. chinensis [28, 29] .
Segments served as a basis for the design of a second pair of non-degenerated oligonucleotide primers (number 3 and 4) for PCR synthesis of a 770-bp digoxigeninlabelled gene probe. Using restriction enzymes that did not cut within the gene probe, Southern blot analysis with genomic R. microsporus DNA resulted in the identi cation of a 6¢4 kb ClaI fragment containing the RMAP gene. Consistent with the presence of a single copy gene, only one hybridization band per restriction digest was detected under high stringency conditions using ClaI as well as BglII, SalI, PstI and XbaI, which did not cut in the PCR probe. However, corresponding hybridization experiments under low stringency conditions revealed the presence of up to three related genes in the R. microsporus genome (Fig. 3) . One clone containing the 6¢4-kb ClaI fragment, and the entire RMAP gene, was obtained by shotgun cloning of fragments 6¢2-7¢4 kb in length from a ClaI digest of genomic R. microsporus DNA in E. coli DH5a using pBluescript RII as vector. A restriction map of this fragment is shown in Figure 4 .
Northern blots of total cellular RNA indicate that RMAP is transcribed as a single 1¢5-kb mRNA. The RMAP-gene of 1222 bp is separated into two exons and one intron 55 bp in length. Sizes of the exons are 535 and 632 bp (Fig. 4) .
The deduced amino-acid sequence of Rmap contains a stretch of 23 amino acids (positions 61-83 in Fig. 5 ) which is identical to the N-terminal amino-acid sequence of secreted Rmap obtained by Edman degradation. The predicted amino-acid sequence of 388 amino-acid residues consists of a putative 21-residue signal sequence, a 44-residue propeptide rich in basic amino acids, and 323 residues of the mature enzyme with a calculated molecular weight of 33517 Da and a calculated isoelectric point of 4¢7.
Thus, exon 1 encodes the signal sequence as well as a conditions. Genomic DNA (lane G) was digested with BglII (lanes B), ClaI (lanes C), EcoRI (lanes E), HindIII (lanes H), PstI (lanes P) and SacI (lanes S), followed by agarose gel electrophoresis and hybridized under high as well as low stringency conditions. Only enzymes that did not cut within the gene probe (lane X) were used for the analysis. Lanes M: DNA molecular weight marker III, digoxigenin-labelled. Similar to R. niveus [27] , R. chinensis [34] and R. oryzae [35] up to three more homologous protease genes may be present in the R. microsporus genome. 5 ).
Rmap shares 82% homology with Rnap from R. niveus [27] , 28% with SAP2 from C. albicans [30] , 39% with the aspartic proteinase Pep from A. fumigatus [31] and 37% with human pepsin A [32] .
The nucleotide sequence reported in this paper has been submitted to GenBank and was assigned the accession number Y11825.
Expression of Rmap in P. pastoris
Recombinant Rmap, as secreted by P. pastoris transformants, appears to be similar to the proteinase which was isolated from the culture medium of R. microsporus. Hence, SDS-PAGE analysis of the recombinant Rmap showed a single band of approximately 33¢8 kDa (Fig. 2) which had the same mobility as the lower band in extracts from R. microsporus culture supernatants. Correspondingly, the N-terminus of the recombinant enzyme was determined to be S T G S V P V (aminoacid positions 66-72 of Rmap in Fig. 5 ), con rming its identity with mature secreted Rmap. In the haemoglobin assay, the recombinant protein was enzymatically active with approximately the same speci c proteolytic activity and optimum of activity in the pH 2¢5 range as the isolated enzyme. A second band of 40 kDa corresponds to a proenzyme form of Rmap with the N-terminus determined to be V E A A P N (amino-acid positions 19-24 of Rmap in Fig. 5 ). The pro les of pH-dependent proteolytic activity of both preparations were similar, both having optima with haemoglobin as a substrate in the pH 2¢5 range (result not shown). Furthermore, identity of recombinant Rmap from transformed P. pastoris could be demonstrated by western blot analysis (Fig. 6) . Under identical culture conditions, wild-type P. pastoris did not secrete proteolytic activity into the culture medium (data not shown).
Expression of Rmap during infection
Speci city of the guinea pig polyclonal antibodies raised against Rmap was demonstrated by western blotting of (i) recombinant enzyme, (ii) enzyme puri ed from the media (Fig. 6 ) and (iii) total proteins of culture supernatant of R. microsporus (data not shown). No other cross-reacting antigens in the supernatant were recognized by the antibody (data not shown). Using an ELISA with puri ed native Rmap as an antigen, a marked increase in the production of antibodies directed against the enzyme could be demonstrated during the infection process in serum samples from patient HA (Fig. 7) , the patient from whose orbital tissue R. microsporus var. rhizopodiformis HA had been isolated. Western blot analysis of recombinant and native Rmap protein using the serum from patient HA con rmed the production of speci c anti-Rmap antibodies (Fig. 6 ). For detection of Rmap-related antigen in situ, guinea pig hyperimmune serum to Rmap was reacted with formaldehyde-xed lung tissue from a different patient who had died of invasive mucormycosis (data not shown). Production of aspartic proteinase could be demonstrated here by indirect immuno uorescence of fungal mycelia.
Procoagulatory activity of Rmap
Activation of bovine coagulation factor X occurred by treatment with puri ed Rmap between pH 4¢5 and 6¢5 with a maximum at pH 5¢5 (Fig. 8) . Puri ed extracellular [27] , Rnap II to V) and R. chinensis (Rcap II) [28, 29] . Identical and conserved amino acids in all aligned sequences are boxed in black and grey, respectively. Numbering is given with respect to Rmap. Amino acids of Rmap determined directly are underlined. A putative signal peptidase cleavage site between Ala 21 and Ala 22 in the preproprotein of Rmap is indicated by a vertical arrow. A vertical bar with a horizontal arrow between residues 65 and 66 of Rmap indicates the putative N-terminus of the mature enzyme. Potentially glycosylated asparagine residues are double overlined. Solid triangles identify aspartic acid residues corresponding to those found in the active site of proteinases of the pepsin family. Stars above the sequence indicate the conserved cysteine residues possibly involved in disulphide bridge formation in the three-dimensional structure of aspartic proteinases. An 'x' above Ala 1 08 of Rmap denotes the alanines in which the exon/intron junctions are located in Rmap as well as in the Rnap proteases. In Rcap the exon/intron junctions are located within Ile 1 11 . The amino-acid sequences were aligned using CLUSTAL W and displayed using boxshade. Sequence names are on the left. The nucleotide sequences of the genes encoding the aspartic proteinases are available in the GenBank database under the accession numbers Y11825 (Rmap), M19100 (Rnap), X56964 (Rnap II), X56965 (Rnap III), X56992 (Rnap IV), X56993 (Rnap V) and L33858 (Rcap II).
aspartic proteinase from A. fumigatus [17] similarly caused factor X activation between pH 4¢5 and 6 with a maximum at pH 5¢5. However, the latter had only one third of the procoagulatory activity of Rmap at the same pH, when equal haemoglobinolytic activities of the fungal enzymes were employed. Using this assay, no signi cant activation of bovine factor X occurred by treatment with extracellular acid proteinase from C. albicans over the entire pH range.
Discussion
The aspartic proteinases are a class of enzymes correlated with several pathological conditions such as hypertension (renin), gastric ulcers (pepsin), neoplastic diseases (cathepsin D and E) and AIDS (HIV proteinase) [33] . Most fungal aspartic proteinases are extracellular enzymes and, among these, several have been puri ed and characterized. For example, among the Mucoraceae, ve isoenzymes are known to be secreted by R. chinensis [34] and ve genes encoding secretory aspartic proteinases have been identi ed in R. niveus [27] as well as four in R. oryzae [35] . While extracellular proteinases of certain non-pathogenic members of the Mucoraceae are used in biotechnology and a body of data has been accumulated on such enzymes [36] , little is known about extracellular proteinases from the major agents of human mucormycosis, which are R. oryzae and R. microsporus [1] [2] [3] 6] . Both penetration of vessel walls by hyphae and procoagulatory activity observed in human as well as bovine mucormycosis [37] may be related to extracellular proteolytic activity of the involved zygomycetes. Proteolytic enzymes may be directly involved in blood coagulation or may cause indirect procoagulatory activity due to a trypsinogen kinase effect [38] , which was previously demonstrated for an aspartic proteinase of the opportunistic yeast C. albicans [39] . Thus we have investigated the structure and properties of a dominant extracellular aspartic proteinase from an isolate of R microsporus var. rhizopodiformis which had been recovered from necrotic orbital tissue from a survivor of rhinocerebral mucormycosis [15] .
We have isolated and sequenced genomic DNA and cDNA that encode for the aspartic proteinase Rmap. The RMAP-gene is approximately 1¢2 kb long and The high uorescence amplitude of an assay with R. microsporus protease Rmap points to a higher procoagulatory activity in comparison to that of A. fumigatus [17] and C. albicans [21] acid proteases. The maximum of factor X activation at pH 5¢5 is closer to the physiological pH than the general proteolytic activity (pH 3) of Rmap. separated into two exons by a single intron. For lower lamentous fungi, the latter is of typical length and located close to the 5 0 end of the RMAP-gene [40] (Fig.  4) . The amino-acid sequence deduced from the nucleotide sequence of the RMAP-gene agreed with the partial structure of Rmap, which we determined chemically.
The putative 21-amino-acid signal peptide [41] at the N-terminus of Rmap is followed by a presumptive 44-residue propeptide segment that is rich in basic amino acids such as Lys and Arg. At position 66 of the deduced amino-acid sequence lies the N-terminal serine of mature Rmap. These features of Rmap suggest that it is synthesized as a precursor and then undergoes at least two processing events to yield the mature enzyme. Proteins entering the secretory pathway are often glycosylated and Rmap also contains two potential Nglycosylation sites, Asn 54 Lys Thr and Asn 125 Lys Ser (Fig. 5 ).
The Rmap protein shows similarity with other aspartic proteinases, in particular within the regions that contain the two reactive aspartic acid residues of the active site for these enzymes (Fig. 5) . In addition, the cysteine residues probably implicated in the maintenance of the three-dimensional structure of aspartyl proteinases [42] are well-conserved. Also, the putative N-terminal propeptide sequences are highly conserved between the different aspartic proteinases as well as their C-termini.
Although there may be up to three more genes homologous to RMAP in the genome of R. microsporus as indicated by low stringency Southern blot analyses (Fig. 3) and by the presence of presumably two more aspartic proteinases in the culture supernatant of R. microsporus, no cross-reacting antigens were recognized in the culture supernatant using guinea pig polyclonal antibodies raised against Rmap, demonstrating their high speci city for the Rmap protein.
In contrast to medically important yeasts such as C. albicans and C. tropicalis, where there is evidence for secreted aspartyl proteinases acting as virulence factors [43, 44] , the role of acid proteases in the pathogenesis of systemic infections with opportunistic moulds such as A. fumigatus and Rhizopus spp. is still obscure. For example, a wild-type strain and an aspartic proteinasede cient mutant of A. fumigatus obtained by gene replacement invaded tissue to a similar extent and produced comparable mortality in a guinea pig animal model [45] . However, the high secretory proteolytic activity of the opportunistic strain HA as compared with the total lack of such activity in a saprobtic relative (Fig.  1) , and the procoagulatory activity (Fig. 8) of Rmap in vitro may point towards a potential role of Rmap in the pathogenesis of obliterating blood coagulation and tissue destruction. Additionally, the demonstrated course of antibody production against Rmap-related antigens during infection in serum samples from patient HA (Figs 6 and 7 ) and the localization of Rmap in the vicinity of fungal cells in a section of lung tissue from a different patient may indicate a role of the enzyme in the pathogenesis of mucormycosis.
As aspartic proteinases present new targets for antimycotic therapy as already practised in AIDS patients suffering from mucosal candidiasis [46, 47] , further investigations on Rmap and related enzymes should be encouraged to clarify their role in the pathogenesis of opportunistic mould infections.
